Long-term potentiation (LTP) of synaptic strength at Schaffer collateral synapses has largely been attributed to changes in the number and biophysical properties of AMPA receptors (AMPARs). Small-conductance Ca 21 -activated K 1 channels (SK2 channels) are functionally coupled with NMDA receptors (NMDARs) in CA1 spines such that their activity modulates the shape of excitatory postsynaptic potentials (EPSPs) and increases the threshold for induction of LTP. Here we show that LTP induction in mouse hippocampus abolishes SK2 channel activity in the potentiated synapses. This effect is due to SK2 channel internalization from the postsynaptic density (PSD) into the spine. Blocking PKA or cell dialysis with a peptide representing the C-terminal domain of SK2 that contains three known PKA phosphorylation sites blocks the internalization of SK2 channels after LTP induction. Thus the increase in AMPARs and the decrease in SK2 channels combine to produce the increased EPSP underlying LTP.
Activity-dependent changes in synaptic strength are widely believed to underlie the cellular mechanisms of learning and memory. This view has gained significant support from recent studies showing that learning induces long-lasting changes in synaptic strength [1] [2] [3] . At Schaffer collateral-to-CA1 synapses in the hippocampus, stimulation protocols that coordinate presynaptic and postsynaptic activity to induce LTP affect the postsynaptic cell through a process that is dependent upon NMDAR activity and Ca 2+ influx into the stimulated dendritic spine [4] [5] [6] . LTP inducing protocols act through PKA and calcium/calmodulindependent kinase II (CaMKII) to alter the biophysical properties [7] [8] [9] and increase the number of AMPARs in the PSD [10] [11] [12] [13] [14] .
SK2 channels are activated solely by intracellular Ca 2+ ions, with submicromolar Ca 2+ affinity 15 , and are selectively blocked by the peptide toxin apamin. SK2 channels are expressed throughout the dendritic arbor of CA1 neurons and in dendritic spines 16, 17 . Whole-cell current-clamp recordings and Ca 2+ imaging revealed that spine SK2 channels are activated by synaptically driven Ca 2+ influx 16 . The repolarizing effect of SK2 channel activity opposes the depolarizing effect of AMPAR activity, reducing the EPSP, favoring Mg 2+ reblocking of NMDARs and reducing the Ca 2+ transient 16 . SK2 channels are therefore ideally suited to modulate the induction of synaptic plasticity. Indeed, field recordings in area CA1 showed that blocking SK2 channels facilitates the induction of synaptic plasticity. In addition, administration of apamin to mice facilitates hippocampal-dependent memory encoding 18 . In contrast, overexpression of SK2 channels in transgenic mice impairs the induction of synaptic plasticity and severely impairs hippocampal-dependent learning 19 .
Therefore, SK2 channels in CA1 modulate the induction of synaptic plasticity and the acquisition of learning, likely by influencing Ca 2+ entry during neuronal activity that induces LTP. Because spine SK2 channels and AMPARs contribute to an EPSP in opposing ways, we investigated whether SK2 channels participate in synaptic plasticity by undergoing an activity-dependent decrease that contributes to LTP.
RESULTS

SK2 and NMDARs colocalize in PSD of CA1 neurons
Previous electrophysiological experiments using different Ca 2+ buffers suggested that in CA1 spines, NMDARs and SK2 channels are colocalized within 25 nm. To verify their organization within the PSD, we carried out post-embedding immunogold electron microscopy (EM) using an antibody to SK2 (anti-SK2) (see Supplementary Fig. 1 online). In sections from wild-type mice, we found SK2 immunoparticles within the PSD in the strata radiatum and lacunosummoleculare and along the extrasynaptic plasma membrane of dendritic shafts, as well as at cytoplasmic sites, where they were always associated with intracellular membranes (see Supplementary Fig. 2 online) . Double immunogold labeling for SK2 and the NR1 subunit of the NMDAR 20 revealed colocalization of SK2-and NR1-specific gold particles in the PSD (Fig. 1a,b) . Quantitative analysis of the tangential distribution of SK2-and NR1-specific gold particles along the PSD showed a similar distribution, with the overlap being strongest toward the middle of the PSD (Fig. 1c) , in agreement with serial reconstructions of the PSD (see Supplementary Fig. 3 online) . Therefore, SK2 channels and NMDARs cohabit the same microdomain within the PSD.
LTP induction abolishes SK2 channel contribution to EPSPs
To determine whether SK2 channel activity undergoes activitydependent changes, we used whole-cell current-clamp recordings of CA1 neurons. To measure control and evoked LTP in the same cell, we performed two-pathway experiments to stimulate independent populations of spines. We placed two stimulating electrodes in the CA1 apical dendrite of the strata radiatum B100 mm from the soma and B20 mm lateral to the main dendritic shaft of the recorded cell. We verified the independence of the two pathways by a paired-pulse protocol (see Methods). Baseline EPSP slopes, calculated between 10% and 20% of the EPSP rise time, were measured for Z5 min in pathways 1 and 2, with stimulation alternating every 30 s. To induce LTP, we used a theta-burst pairing (TBP) protocol in which presynaptic stimulation of one of the pathways was paired with backpropagating action potentials (b-APs; see Methods) while the synapses of the control pathway experienced only b-APs. TBP induced a robust LTP only in the paired stimulated pathway. At 40 min after TBP, the relative EPSP slope of the stimulated pathway increased by 317 ± 64%, as compared to 43 ± 19% in the control pathway ( Fig. 2a; P o 0.05, n ¼ 10). In many cells the amount of LTP was sufficient to induce action potentials in the evoked pathway only (Fig. 2) . Therefore, before addition of apamin, the stimulus strength in the evoked pathway was reduced below the action potential threshold and a new baseline was established. Apamin (100 nM) was then applied to assess the contribution of SK2 channel activity to the EPSP in either pathway. The results showed that EPSPs evoked from the potentiated pathway were not significantly altered by apamin application (-3 ± 6%), whereas blockage of SK2 channels increased EPSPs in the control pathway by 41 ± 13% ( Fig. 2b ; P o 0.05, n ¼ 10). Averaged EPSPs of ten traces for each condition are shown from a representative cell in Figure 2c -h, with the apamin effect expanded in Figure 2e ,h. The reduced stimulus intensity did not select for a subset of evoked synapses with different responses to apamin, as shown by the results from cells in which LTP did not result in action potential firing and require a reduction in stimulus intensity. In these cells TBP yielded an increase in EPSP slope of 197 ± 54%, compared to an increase of 36 ± 23% (P o 0.05, n ¼ 7) in the independent pathway. Addition of apamin did not increase the EPSPs in the TBP pathway compared to the independent pathway (6 ± 8% and 38 ± 8%, P o 0.05).
The loss of SK2 channel activity required paired pre-and postsynaptic stimulation, as neither presynaptic stimulations nor postsynaptic b-APs alone resulted in either LTP (TB EPSPs: slope increase, 43 ± 22%, n ¼ 9; TB b-APs: slope increase, 61 ± 27%, n ¼ 8) or a loss of SK2 channel activity (TB EPSPs: slope increase with apamin, 43 ± 10%; TB b-APs: slope increase with apamin, 39 ± 11%) (see Supplementary  Fig. 4 online). Supplementary Table 1 online gives details regarding EPSP amplitude, rise time and half-width for the various conditions. LTP is necessary for the loss of SK2 channel activity To assure that the TBP protocol induced NMDAR-dependent LTP and to rule out the possibility that the loss of SK2 channel activity might be due to the TBP protocol but not require LTP, we performed experiments in which the slices were initially bathed in D-2-amino-5-phosphonopentanoate (D-AP5, 50 mM), to block NMDARs, and nimodipine (10 mM), an L-type Ca 2+ channel blocker. In this case, no LTP was induced in response to TBP stimulation as measured 2-7 min after TBP (slope increased -3 ± 14% of baseline, n ¼ 8) (Fig. 3a,b) . After removal of D-AP5 and nimodipine, the EPSP slope increased, as compared to baseline, by 42 ± 22% 40 min after TBP. Even though nimodipine does not wash out, subsequent application of apamin further increased the EPSP slope by 49 ± 11% (Fig. 3a,c) . Representative traces are shown in Figure 3b ,c.
LTP at Schaffer collateral synapses requires the activity of CaMKII in the postsynaptic spine (refs. 21,22) . When CaMKII was blocked by including a dominant-negative peptide 23 in the patch pipette (1 mM), LTP was blocked (slope increase ¼ 44 ± 19%; P o 0.05, n ¼ 8), and subsequent application of apamin to block SK2 channels increased the slope of the EPSP by 52 ± 17% (see Supplementary Fig. 4 ). These results show that the induction of LTP via TBP stimulation is required for the loss of SK2 channel activity in dendritic spines, and this process is dependent on both NMDARs and CaMKII.
To show that the loss of SK2 channel activity after the induction of LTP did not reflect the loss of NMDARs as a Ca 2+ source, we measured the effect of apamin on the isolated NMDAR component of the EPSP (EPSP NMDA ) after TBP induction of LTP in a two-pathway experiment (see Supplementary Fig. 5 online). Thirty minutes after the induction protocol, the bath was perfused with 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 10 mM) to block AMPARs and 0 mM Mg 2+ to reveal the EPSP NMDA . Application of apamin to block SK2 channel activity increased the EPSP NMDA only in the control pathway (90 ± 20% versus 9 ± 12% in stimulated pathway; P o 0.05, n ¼ 10), and subsequent application of D-AP5 (50 mM) abolished the EPSP in both pathways. Moreover, the ratio of the pure NMDA component to the initial mixed EPSP was not different for the two pathways (see Supplementary  Fig. 5b ). Therefore, the TBP protocol did not result in the loss of the NMDA component of the EPSP.
LTP-dependent loss of SK2 channel activity requires PKA A recent study reveals that activation of PKA downregulates SK2 channel surface expression in transfected Cos cells 24 . Because PKA critically regulates surface expression of AMPARs in hippocampal neurons 14, [25] [26] [27] , the role of PKA in regulating SK2 channel density in spines was examined. Two-pathway experiments were performed in the presence of either H89 (10 mM) or KT5720 (1 mM), two different PKA blockers. Blocking PKA with KT5720 did not prevent LTP induction, although the magnitude of the LTP was slightly reduced compared to control conditions (278 ± 86%, n ¼ 8) (Fig. 4a) . However, subsequent application of apamin to block SK2 channel activity revealed that the EPSPs from both control and potentiated pathways were significantly increased (45 ± 16% for control pathway; 28 ± 11% for potentiated pathway) (Fig. 4b) . Representative traces are shown in Figure 4c -f; similar results were obtained for H89 (n ¼ 10; see Supplementary  Table 1) . Therefore, the loss of SK2 channel activity from potentiated synapses depends on PKA activity.
The regulation of SK2 surface expression in transfected cells is due to PKA phosphorylation of the SK2 protein at three consecutive serine residues in the intracellular C-terminal domain of the channel 24 . To determine whether PKA acts by phosphorylating SK2 channels at Ser568-570 (ref. 24 ), we performed two-pathway experiments with the peptide SK2 563-576 , representing amino acids 563-576 of SK2, included in the intracellular pipette solution (10 mM) ( Fig. 5a-d) . If PKA phosphorylates the SK2 channel at Ser568-570, then the peptide should titrate PKA activity toward these residues and block the loss of SK2 channels after the induction of LTP. Under these conditions TBP induced robust LTP with a time course similar to that for control slices (276 ± 72%, n ¼ 8), but the SK2 contribution to the EPSP was still present in both the potentiated and control synapses (53 ± 17% for control pathway; 44 ± 18% for TBP pathway) (Fig. 5a,b) . Representative traces for both pathways are shown in Fig. 5c,d . In control experiments using the same peptide but with Ser568-570 substituted by alanines (SK2 563-576 A; 10 mM), the LTP was 289 ± 65% and the SK2 contribution to the EPSP was abolished in potentiated synapses after the induction of LTP ( Fig. 5e-h for control pathway; 6 ± 7% for TBP pathway, n ¼ 8). Representative traces for both pathways are shown in Fig. 5g ,h.
LTP causes PKA-dependent endocytosis of SK2
The results presented above suggested that SK2 channels might undergo PKA-dependent endocytosis upon the induction of LTP. To investigate the location of SK2 channels after the induction of LTP, we used immunogold labeling on slices treated with a chemical potentiation protocol that results in widespread LTP with the major attributes of pathway-specific electrically-induced LTP 28 . We first checked that the chemical LTP abolishes the SK2 channel contribution to EPSPs and that the PKA blocker KT5720 prevented the loss of SK2 channel activity. A 5-min exposure to chemical LTP treatment potentiated all synapses studied and abolished the SK2 channel contribution to the EPSP (Fig. 6a,b , black, n ¼ 12). Application of KT5720 before chemical induction of LTP did not significantly affect the amount of LTP but prevented the loss of SK2 channel function (Fig. 6a,b, Figure 7a -f. In control slices, SK2 gold particles are seen in the PSD and perisynaptic region, and on membranes within the spine (Fig. 7a) . By contrast, in slices treated with the chemical potentiation protocol, no SK2 gold particles were observed in the PSD region, whereas an increased number of SK2 gold particles were intracellular, within the spine (Fig. 7c) . Quantification of the distribution of SK2-and PSD95-specific gold particles revealed that chemical induction of LTP shifted the distribution of SK2 gold particles from the PSD region to internal membranes within the spine (Fig. 7g,h) . The distribution could be well described by a sum of two Gaussians that showed that 81% of the SK2-specific gold particles were present within 20 nm of the PSD under control conditions. In contrast, after chemical induction of LTP, immunogold particles for SK2 were predominantly internalized into the spine (92% between 30-120 nm from the PSD). When KT5720 was included during the chemical LTP induction, however, the majority of SK2 immunogold particles remained in the PSD (64% within 20 nm of the PSD, Fig. 7e ). The distribution of immunogold particles for PSD95 was not different under any of these conditions (100% within 20 nm of the PSD, Fig. 7h) . Similarly, treatment with KT5720 did not significantly alter the distribution compared to control (92% of SK2 particles within 20 nm of PSD, see Supplementary Fig. 6 online). Immunogold particle counts for each condition are presented in Supplementary Table 2 online. These results show that PKA mediates the endocytosis of SK2 channels in potentiated spines.
DISCUSSION
Considerable evidence supports the view that AMPARs undergo both constitutive and activity-dependent trafficking, and that the insertion of AMPARs from an intracellular pool of receptors contributes to the increased EPSPs after the induction of LTP [11] [12] [13] 22 . Here we show that SK2 channels in the spine are localized within the PSD region of CA1 neurons and that TBP induction of LTP results in an NMDARdependent and pathway-specific downregulation of spine SK2 channel activity. The loss of SK2 channel activity is PKA-dependent and results from the removal of SK2 channels from the PSD region. An estimate of the relative contribution of SK2 channel plasticity is obtained from Figure 2 . On average, TBP induction of LTP was 317% of baseline, reflecting an increase in AMPARs and a decrease in SK2 (Fig. 2a) . Apamin increased the EPSP slope in the independent control pathway by 41% (Fig. 2b) . Therefore, the loss of SK2 channel activity contributes B13% to the total increased EPSP slope in the potentiated synapses. In results similar to those previously published 29 , we measured a small degree, B43%, of potentiation in unpaired, control synapses. This might represent either overlap of the two pathways, a consequence of whole-cell recording, or heterosynaptic potentiation. Global and spine-specific changes in a wide array of ion channels that affect intrinsic excitability after the induction of LTP have been reported for hippocampal and cortical pyramidal neurons [30] [31] [32] [33] . SK2 channels similarly can affect membrane excitability but also affect the shape of synaptically evoked EPSPs and affect dendritic integration 16, 34, 35 . Recently, R-type Ca 2+ channels, CaV 2.3 , have been shown to undergo spine-specific synaptic depression after brief trains of b-APs and, like NMDARs, have been shown to be necessary for spine SK2 channel activity 30, 36 . It is unlikely that the activity-dependent depression of CaV 2.3 is responsible for the LTPdependent loss of spine-specific SK2 channel function, as the immunogold labeling of SK2 in the PSD reveals an almost complete removal of SK2 channels from the PSD. In hippocampal cultures, Kv4.2 subunits that underlie the A-type currents in CA1 neurons are internalized in a NMDAR-dependent manner 32 , and in hippocampal slices the induction of LTP results in a hyperpolarized shift in the inactivation profile of Kv4 A-type currents that will affect dendritic integration 37 . Although the density of voltage-gated Na + channels is not affected by the induction of LTP, the activation curve undergoes a hyperpolarized shift, with important consequences for intrinsic excitability 33 . The activity-and NMDA-dependent internalization of SK2 channels described here shows that SK2 channels have a dynamic role in shaping spine-specific excitatory potentials and add to the complexity of synaptic plasticity.
The loss of SK2 channels from the PSD consequent to the induction of LTP requires PKA. The most parsimonious explanation for the results from the experiments in which a low concentration of SK2 563-576 peptide was included in the patch pipette is that PKA directly phosphorylates the channels to mediate internalization. Although we cannot rule out a more global effect on PKA, the slow, time-dependent increase in the EPSPs after TBP is preserved when the SK2 563-576 peptide is perfused through the patch pipette, in contrast to the global inhibition of PKA with KT5720 and H89 when the slow increase is not present, suggesting that global PKA is not inhibited by the peptide. In experiments in which PKA is globally inhibited by either KT5720 or H89, the lack of slow increase in the EPSP after TBP may relate to the inhibition of AMPA phosphorylation by PKA and, therefore, the lack of continued AMPA insertion into the PSD 14, 38 . Although previous work with GlurA-null mice suggested that this typical timedependent increase after TBP is GlurA independent 29 , this does not necessarily rule out PKA dependence on the time-dependent increase in GlurA-null mice. The SK2 563-576 peptide result also shows that SK2 internalization is unlikely to account for the slow time-dependent increase in EPSPs after LTP. Further experiments will now be required to understand how PKA phosphorylation of Ser568-570 results in channel endocytosis. The endocytosis of SK2 channels from the PSD in potentiated spines requires the induction of LTP and CaMKII, suggesting that there is a common intracellular signaling pathway for NMDAR-dependent AMPAR insertion and SK2 channel removal. It has long been recognized that synaptic plasticity in CA1 spines requires Ca 2+ influx through NMDARs and activation of CaMKII [39] [40] [41] , whereas the role of PKA in the process of synaptic plasticity and AMPAR trafficking has only more recently become appreciated 14, 26, 42 . In the absence of neuronal activity, AMPARs undergo constitutive recycling between the PSD and a population of early endosomes. This process is PKA dependent, as surface receptors are phosphorylated at Ser845 and dephosphorylated as they are removed from the cell surface 38 . Recent reports suggest that neuronal activity capable of inducing LTP drives AMPARs into the PSD in a two-stage process. The rates of AMPAR recycling are enhanced and the receptors are first deposited at extrasynaptic sites, a process that is dependent upon PKA phosphorylation of Ser845, whereas their subsequent lateral diffusion into the PSD additionally requires CaMKII [25] [26] [27] . In addition to the important role played by PKA in AMPAR trafficking, it has also been proposed that PKA gates synaptic plasticity by modulating CaMKII activity via regulation of protein phosphatase 1 (refs. 43,44) . PKA also affects late-phase LTP, generating new sites of synaptic transmission and endowing specificity through synaptic tagging 45, 46 . Therefore, PKA modulates multiple aspects of synaptic plasticity through its effects on a wide range of molecular targets. The PKA dependence of SK2 channel endocytosis upon the induction of LTP suggests that AMPARs and SK2 channel trafficking are coordinately controlled by PKA.
SK2 channel plasticity at Schaffer collateral synapses contributes B13% to LTP. Although this is a significant contribution, the increased AMPAR contribution to the EPSP accounts for the majority of the increased excitability. However, the functional consequences of SK2 channel endocytosis for the induction of LTP may be more significant for the effect on subsequent synaptic activity. SK2 channels in the spines of CA1 neurons provide a negative feedback that attenuates by B40% the Ca 2+ influx through NMDARs 16 . The lost repolarizing effect mediated by the SK2 channels will profoundly increase the amount of Ca 2+ entering through NMDARs upon subsequent synaptic activity. This will effectively shift the modification threshold 47, 48 and facilitate the induction of plasticity 18 . Therefore, it will be important to determine what the fates of the SK2 channels are once they are removed from potentiated spines and whether their loss is compensated by homeostatic plasticity mechanisms.
METHODS
Specific electron microscopy details. Antibodies used were anti-SK2 raised in rabbit (1-2 mg ml -1 ), anti-SK2 raised in guinea pig (1-2 mg ml -1 ) and anti-NR1 raised in rabbit (1-2 mg ml -1 ; Chemicon). Ultrastructural analyses were performed with a TEM-JEOL 1010 electron microscope (Synaptic Structure Laboratory, School of Medicine, University of Castilla-La Mancha, Albacete, Spain). Electron photomicrographs were captured with a charge-coupled device (CCD) camera (Mega View III, Soft Imaging System). Digitized electron images were modified for color, brightness and contrast with Adobe Photoshop version 7.0. Reproducibility of immunolabeling was assessed with tissue from at least three mice of the same genotype. Labeled structures were classified based on unambiguous morphological information in each section. Axons were identified by the lack of synaptic input and the presence of neurotubules and occasional vesicles. Axon terminals were identified by the presence of synapses and small round and/or large granular vesicles. Synapses were identified as parallel membranes separated by widened clefts that were associated with membrane specializations. Synapses showing a prominent density on the postsynaptic side were characterized as asymmetrical, whereas synapses showing equivalent densities on both sides were characterized as symmetrical. Dendrites were identified by the presence of synaptic contacts, lack of small vesicles, and presence of diffuse filaments and numerous mitochondria. Dendritic spines were identified as small protrusions showing membrane continuity with the dendritic shaft.
Post-embedding immunohistochemistry. Control and LTP-induced hippocampal slices (300 mm) were fixed in 4% paraformaldehyde, 0.1% glutaraldehyde and B0.02% picric acid made up in 0.1 M phosphate buffer (PB; pH 7.4) for 10 h. Slices were incubated in 1 M sucrose/PB solution overnight, slammed onto copper blocks cooled in liquid nitrogen and processed for osmium-free embedding. Briefly, slices were incubated for 40 min in 1% uranyl acetate, dehydrated in methanol and embedded in Unicryl resin (Electron Microscopic Sciences).
Ultrathin sections (70-90 nm) from Unicryl-embedded blocks were incubated for 45 min on pioloform-coated nickel grids with drops of blocking solution consisting of 2% albumin in 0.05 M TBS, 0.9% NaCl and 0.03% Triton X-100. The grids were transferred to solutions of SK2, PSD95 or NR1 antibodies at a final protein concentration of 10 mg ml -1 diluted in blocking solution overnight at room temperature (22 1C) . After several washes in TBS, grids were incubated for 2 h in drops of goat anti-guinea pig IgG or goat anti-rabbit IgG conjugated to 10 nm-colloidal gold particles (BioCell International), each diluted 1:80 in a 0.05 M TBS solution containing 2% normal human serum and 0.5% polyethylene glycol. Grids were then washed in TBS for 30 min and counterstained for electron microscopy with saturated aqueous uranyl acetate and lead citrate. Ultrastructural analyses were performed in a Jeol-1010 electron microscope.
Tangential distribution of SK2 within the PSD. Ultrathin sections were picked up on pioloform-coated mesh grids, immunoreacted and photographed from two of three animals used in the quantification of SK2 and NMDAR1 content within synapses. Synapses were measured only if the synaptic cleft was visible; therefore, synapses cut very tangentially were omitted. All gold particles found in the synaptic junctions in each synapse were included. Tangential location of gold particles was measured from the midline of the PSD. The distance between the midline and the edge of the PSD was divided into five bins, each bin corresponding to 10% of the PSD length in a single section, and each gold particle was assigned to a bin.
Slice preparation. All procedures were performed in accordance with the guidelines of Oregon Health & Science University and University of Castilla-La Mancha, Albacete, Spain. Hippocampal slices were prepared from 3-to 8-weekold C57BL/6J mice. Animals were anesthetized with isoflurane and decapitated. Cerebral hemispheres were quickly removed and placed into cold ACSF (in mM: 125 NaCl, 2.5 KCl, 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 2.0 CaCl 2 , 1.0 MgCl 2 , 15 glucose) and equilibrated with 95%O 2 /5%CO 2 . Hippocampi were removed and transferred into a slicing chamber containing sucrose-ACSF (in mM: 75 sucrose, 87 NaCl, 2.5 KCl, 21.4 NaHCO 3 , 1.25 NaH 2 PO 4 , 0.5 CaCl 2 , 7 MgCl 2 , 1.3 ascorbic acid, 20 glucose) and equilibrated with 95%O 2 / 5%CO 2 . Transverse hippocampal slices (300 mm) were cut with a Leica VT1000s (Leica Instruments, Nussloch, Germany) and transferred into a holding chamber containing regular ACSF and equilibrated with 95%O 2 / 5%CO 2 . Slices were incubated at 34 1C for 30-45 min and allowed to recover at room temperature for 1 h before recordings were performed.
Electrophysiology. For synaptically evoked recordings, CA1 pyramidal cells were visualized with infrared differential interference contrast optics (Leica DMLFS) and a CCD camera. Whole-cell patch-clamp recordings were obtained from CA1 pyramidal cells using an Axopatch 200B amplifier (Axon Instruments), digitized using an ITC-16 analog-to-digital converter (InstruTech) and transferred to a computer using Pulse software (Heka Elektronik). Patch pipettes (2-4 MO) were filled with a solution containing (mM) 120 K-gluconate, 20 KCl, 2 MgCl 2 , 10 HEPES, 4 ATP, 0.3 GTP, and 14 phosphocreatine, pH 7.3. Series resistance was not electronically compensated and recordings with series resistance that changed more than 20% during the experiment were discarded. Electrophysiological records were filtered at 5 kHz and sampled at 20 kHz. The input resistance was determined from a B30-pA (500-ms) hyperpolarizing current injection pulse interspersed between events. All recordings were from cells with a resting membrane potential between -75 and -60 mV and a stable input resistance. A bias current was applied to maintain the membrane potential at -60 mV.
Synaptic stimulation. EPSPs were recorded in whole-cell current-clamp mode. Capillary glass pipettes filled with ACSF, with a tip diameter of B5 mm, connected to an Iso-Flex stimulus isolation unit (A.M.P.I.) were used to stimulate presynaptic axons in stratum radiatum. Two stimulation electrodes were placed at equal distances from the soma (B100 mm) and B20 mm on opposite sides of the dendrite of the recorded cell. Pathway independence was verified by the lack of paired pulse facilitation to synaptic stimulation delivered in each electrode with 50-ms intervals. SR95531 (2 mM) and CGP55845 (1 mM) were present to reduce the contributions of GABA A and GABA B , respectively. To prevent epileptic discharges in the presence of GABAergic blockers, the CA3 region was microdissected out of some slices before recording.
Theta-burst pairing (TBP).
Backpropagating action potentials (b-APs) were initiated in whole-cell current-clamp mode by somatic current injection (1 ms, 1-2 nA). The standard TBP protocol consists of EPSPs paired with a single b-AP timed so that the b-AP occurred at the peak of the EPSP as measured in the soma. A single burst consists of five EPSP-b-AP pairs delivered at 100 Hz and ten bursts delivered at 5 Hz per sweep. Three TBP sweeps were delivered at 30-s intervals. Subthreshold EPSPs were elicited by 100-ms current injections that were less than one-third of the stimulus required for evoking an action potential. The general induction protocol was to establish a control baseline of EPSPs evoked every 15 s (alternating between the two stimulation electrodes, 30 s for Fig. 2 ). After establishing a stable baseline for 5-10 min, TBP, thetaburst EPSPs or theta-burst b-AP firing protocols were applied. Theta-burst EPSP stimulation and theta-burst b-AP firing protocols consisted of the same stimulation as TBP except that theta-burst EPSP is presynaptic stimulation alone and theta-burst b-AP firing is postsynaptic current injection alone to evoke b-AP. To assay for SK2 channel activity, apamin (100 nM) was added to the bath solution 40-50 min after induction, and EPSPs were recorded for another 20 min. In many cells the LTP was sufficient to induce action potential firing in the evoked pathway. In these cases, the stimulus strength was reduced below action potential threshold and a new 10-min baseline was established before addition of apamin.
Data analysis. Data were analyzed using IGOR (WaveMetrics). The slope of the rising phase of the EPSP was measured between 10% and 20% of the rising phase. Summary plots were generated by binning data at 1 min intervals. Data are expressed as mean ± s.e.m. Pair two-sample t-tests were used to determine significance of data in the same pathway, and ANOVA with Dunnett's post hoc test was used to determine significance between groups of data; P o 0.05 was considered significant.
Chemical and solution. D-AP5, CNQX, CGP55845 and SR95531 were obtained from Tocris Cookson. Apamin was obtained from Calbiochem. CaMKII inhibitory peptide was a generous gift from T.R. Soderling. SK2 563-576 and SK2 563-576 A peptides were obtained from Global Peptide. All other chemicals were obtained from Sigma-Aldrich unless specified. All perfusing solutions were modified from regular ACSF unless otherwise noted. NMDA component of EPSP was isolated by perfusing ACSF with 10 mM CNQX and without MgCl 2 . Chemical LTP was induced by 5 min bath application of potentiation solution (in mM: 124 NaCl, 5 KCl, 1.25 KH 2 PO 4 , 0.1 MgCl 2 , 24 NaHCO 3 ,
